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NATIONAL ADVISORY COMM!TTEE FOR AERONAUTICS 
ADVANCE RES1RICTED REPORT 
THE EFFECT OF PI~CE . ON FORCE AND MOMENT CHARACTERISTICS 
OF F ULL- SCALE PR OPEL.L...:.RS OF FIVE SOL I D IT IES 
Ey Jack F. Runck~l 
SUMMARY 
An inve s ti gat ion ~ as conducted in the NACA 20-foot 
propeller-r se ~ rch t~ nel to det e rmine the effect of va-
ri ~ tio~s in angle of pitch on the aerodynam c character-
i5ti~s of s e veral propell e r combirations. Two- , three-, 
four-, and six - blade single-rotating propellers and a six-
bl" de d ua l-r o tati ne propeller we_e te ste d on a nacelle with 
the t h rust axis pitched at n g le s of 0°, 5° 10°, ani 15°. 
The propellers, which were 10 feet i n dia~eter , ~ere test ed 
at blade an ~ les of 25° and 45° . The force and moment co-
efficients o f the propelle~s were obtained for these con-
ditions. 
~he r esults ;ndtcate that the propulsive efficiency 
decre ~ ses QS t h e engle of pitch increase s. The loss due 
to pitch i~cre as ed with increased sol"dity and was greater 
at the highe r blade-ansle settings. 
The vertical force in creased wit h th a ngle of p"tch 
throug hout the entir e v/nD r ang e , whe reas the yawing 
moment i n~r ased with pitch only in the low V/nD range. 
The yaw in g moment , torque reac tion, a nd side force nea rly 
v an ished wit h dua l rotat ion, but the verti~al force in-
cre a sed. A gr~ater solidity increased the vertical force 
and generally increased the yawing mo ment . A greater blaae 
a ngle generally increased ~he for ces a nd the moments measured. 
I NTB. ODuCT I ON 
ritching the thrust axis of a propeller alters "ts 
tLru~t, powe r ( or torque). and efficiency characteristics 
and , in addi tion , subje ct s the propeller to vertical and 
horizont~l forces as well as pitching, yawing, and rolling 
moments. Of these eff e cts, the vertical force, yawing 
moment, and ch~n e in eff icie~cy due to pitch influence 
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the performance and stability of an a irplane to an appreci-
able extent. 
Both theoretical and experimental studies of the 
effects of a propeller operating at an inclin e d attitude 
have been undertaken at various times. (See references 1, 
2, and 3.) Mo s t of the previou~ empiri~al work was done 
with mode! p ro p ellers having only two or three blades 
and operating in a low V/nD r ange . Lesley.' orley, 
and Moy. in 1935-36, made wind-tunnel experiments in the 
Stanford University wind tunnel with a model propeller. 
With the propeller in yaw. they measured the effects of 
oblique air cu rents on t he propeller for e and moment 
cha rac te ristics for several different blade-angle settings. 
The present invAstiga tion was undertaken in order 
to extend previous wor k t include tests o f full-scale 
propelle :::'s havin g di: :' '3 rent numbers of blades and in 
order to determ in e t;:.e effect of , pitch on dual rotation. 
The propellers were tested at positive angles of pitch e 
of eO, 5°. 10 ° , and 15°. Four different blade combina-
tions, consisting of two-, three-, four-. and six-blade 
tractor ~ropellers we r e used to determine the effect of 
pitc h and solidity. The siX-bl ad e c ond ition included 
both single- and dual-rotating propellers. The investi-
gation in the s e tes~s of the c omplete VjnD , r ang e 
involved the use of s even "new I coeffi ciant s in the range 
of negati v e thrust and power. ~ew c oefficien ts" such 
as Tc. were formed by multiplying s andard coeffiCients, 
such as CT' by the factor (nD/V)2. The project was 
c a rried out in the 20-foot propeller-research tunnel 
during May and June 1941 with a set-up that had been 
previously use~ fo r testing dual-rotating propellers. 
The data contained in t h is rep ort may be applied to 
propellers in yaw by rot at in g the r~f €r e nce axes 90 0 • 
APPARATUS }.ND METHODS 
The mACA 20-foot propeller-research tunnel, in 
which the investi ga tion was conducted. is described in 
referenc e 4. The tests were run with. airspeeds rang~ng 
fro m zer o to 110 miles per hour. 
The p ropeller-d r i- e me~hanism (fig. 1) ' was enclosed 
in a stre am line nacel~e, which had been used in several 
previous investigations (reference 5). ~he ' test arrange-
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ment, with the principal moment arms ,from the scale 
re~ctiolS to tLe propell e r origin indic a ted, is shown 
in outline in figure 2. ' A photo g raph of the set-up is 
given in figure 3. At the angle of zer o pitch the center 
line of the propeller-nacelle co mb ination coincided with 
th e wind axis of t~e tunn el. The an g la of pitch of the 
n a ce 11 e \17 a. s va r i e d by m a an s 0 f a. .1 Eo. c k d ere win t he rea r 
strut. 
Five IO-foot-diame ter propellers were e mployed 
(Hamilto n St andard d. rawi.ng numbers 31 5 5-6, right hand, 
and 31tiG-6, left hnnd ). The bl a de-form curv es are stown 
i n fi gu re 4. Th~ h ubs of t he two- ani the three-blade 
sin~le -r o tatin ~ p~0pella rs were located in tho rear 
sp i~~e~ . The si x-b l ede sin g le- and du~l-rot~tjng 
pr " :p(>~le rs wer e ,: ,') rlllo s ~ d of 2 t h~~€e,·blad8 ])l' (:pellers 
mO ln~ei in tandem in t~e front a~d rear sFi n~ers . The 
fo ul-blad e prope ller w s ma de up wi t h 2 tW0-blade 
prup~llers, one on the front and the other On the rear 
spinnel' • 
The net thrust was measured in the usual manner by 
a thrust bal~nce. The torque was measured" by wh e spring-
dyn am om.ter Qnd Salsyn devi~e 'combination ma~tionad in 
re ferencp 5. Vert'cal forces were measure~ ~y lift bal-
ances 10cated at t ~ e co rners of t ~e f loa ting fra~~ in 
t he b a l anc e house, and side force s were determ~ned f~o m 
b a 1 an C E:; rea din f. s t t ! ; fro n t a: l~ -1 reD. r 0 f t !1 e f 1. 0 a t :i n g 
frA me. Values of the pit c hing end ya\\T:' ng m'Jments we re 
determi~ed from s~itable co mb~ net1cn3 of the iift~ the 
dr ag , a~Q th~ side for~e. A co~ ~ariso n of the v.~lu(s 
of -C~ c os e and a ct~al r olli ng ~offient cb tained from 
the lift and the S Qe-force balances resulted in a deci-
sion t o use torque values tr anspose d to the wind axis in 
place of rol ling mo ment. (See fig. 5.) 
The pr opell e rs we re driven by alternating-current 
inducti o n motors a nd t~e speed wa s con~rolled by varying 
the frequency of the cur rent supplied to the motors. 
The Single-rotation te sts were run with the motors coupled 
to g ether. For t he dual-rotation tests the s?eed of ' the 
tw o propell ers wa s k ept ~qual by means of a f requency-
converter apparatu~ and c h ecked with a synchrcscope. 
The dual-rotation tests wer e made with the rear propeller 
bl ades set to provide approximateli the same t or que at 
peak effici e ncy as ' t h e f ront propeller blades. 
P~opeller speed wa s vari e d from a maximum speed of 
about 550 rpm to app roxirna ~e ly ?:ero t ·o ·· cover the range 
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beyond zero thrust, that is, to the pOint where n = 0 
or V/nD = ro o The Re y nolds number was about 1,000,000 
at peak efficiency for the p ~ ope l lers set at 25 0 at 0.75 
radius. Typical pl ot s of propel1 8 -coefficient re su lts 
and vertical-force and moment coefficients are given in 
f i gu res 6, 7 I 8, an d 9. 
RESUJ"TS 
The extreme r ange of propeller-ope ating conditions 
covered in this i nves ti ga tion h as made it con venient to 
use two types of c oef ficients for p r es enting the data. 
The neual coefficients, 
Thrust coefficient CT = -~ pn 8 D4 
Power coefficient Op = --~ 
'" 5 pn '~ L 
Efficiency 1'\ :: ~1 ..L Op nD 
are u sed on the propeller curves up to the p osition of 
zero thrust. The force a nd moment coe ff icients hav e 
been put into similar form covering the range from 
VjnD = 0 to V/nD = 1.0, 
Side-force coefficient Oy Fy = pn8 DL , 
Vertical-force coefficient Oz = FZ pn B D4 
R 0 11 i n g- mom e n t coefficient C1 ~, 
cos 8 
= 
pnaD s 
Pitching-moment coefficient Cm :: M 
pn a D5 
I 
I 
I 
! 
I 
I 
I 
J ~---~~~-----~~~------- --
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Yawing-ooment coefficient 
~Nhere 
T sum of measu~ed thrust 0: propeller-nacelle 
c om bin a ti on an d drag of body measured separ a tely 
pair densi ty 
n rotati ona l speed 
D propeller diameter 
Q pr ope ll e r tor que 
T) efficie n cy 
V airspeed 
F side force 
' Y 
F Z vertical force 
8 angle of p itch 
M pitching moment 
N ya"l i ng mome n t 
~CQ c-crs (J 
The value was substitu ted for = L 
where L is relling moment, because the to~ q e was easily 
obtainab le from t h e spring-dynamometer read ings and re-
sulted in more c ons istent iata. (See : i g . 8.) The dif-
ference in the values of C, and -C~ cos e was prob-
ab ly c a used by strut L. t erf ~ j.ence on the nacelle. For 
values beyond the pOint of z ero t hrust. the thrust an d 
pO~er coef fic i ents we re multipli ed by (nD/V )2 , which gives 
the second fo r m, 
T = CT (nD /V )2 
T 
== pV2D2 C 
2TT Gte = Cp (nD/V)2 = 2TT~ (:, V 2 D3 ' 
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Similarly, new coefficients were formed for the 
other forces and mgment~ by multiplying Cy, CZ' C1 • Om' 
and Cn by (nD/V) • 
-Q. cos e 
Lc = pV 8 D3 
tvl 
Me = pV 8 D 3 
Nc 
N 
= 
P V:JD::' 
Yc = -LY_ p'i" D2 
Zc 
FZ 
= 2 2 
pV D 
The parameter V/~D w~s changed to nD/V , at the 
value of 1.0, at whic~ the two parameters coincide, to 
keep the complete range covered by the coefficients down 
to a reasonable size. T'he position of zero propeller 
speed (V/nD = 00, nD/V ; 0) was difficult to obtain but 
was approached by means of reversing s witches o~ the 
propeller-motor circuit. 
The values for the new propeller coefficients were 
also ~lotted against nDjV beyond the value of zero 
thrust to the posit ion where n = O. 
In , order to eliminate the effect of the slipstream 
reaotions on the body and the supporting struts, the 
side f ,orce, the vertical force, the pitching moment, an'd 
the yawing moment have beea p lo tted with the values for 
zero 'Pitch deducted. from the values obtained for the ' 
pitch;~ propellers. It was assumed that the slipstream 
reactions on the body a nd the supporting struts would 
re~ain constant with changes in pitch and also that 
these forces and moments should be zero for zero pitch. 
All coefficients of forces Rnd moments were computed 
with the brigin at the interse~tion of the propeller axis 
7 
and its plane of rotation, with the result that these 
values c ould be easjly transferred for stability co~puta­
tions en a~ airri9n~. For the eual-rotating prDpell~r 
t ~8 or~gia w a~ la~~t ~d m:~way bptdeep the front anfi the 
r e n. r t ''':; . . )3 • T ~: IS r oJ :t' 8 r en c e a xis ina 11 cas e s was the win d 
axis of the tunnel . 
For rapid r eference the fi gures showing the propel-
ler force Bnd moment cha~actBristics are listed as follows: 
F i gu res 10-14 
Fi gu r es 15-16 
Figures 17-18 
Figures 19--23 
Figur0s 24- .85 
Figures 26--27 
Figures 28-32 
Figures 33-34 
Figures 35-36 
Figures 37-40 
Figtlres 41-42 
Fi g'J.re 43 
Fi gur e 44 
Figures 45-46 
Figure 47 
Figure 48 
Figures 49 ... 50 
Fi gure 51 
Figure 52 
Efficiency 
Ef:'ect of pitch on efficiency 
B.I· .~ec . of s ::> lidity on efficiency 
E ::: ~ec" of dual rot at ion on efficiency 
Thrust 
Effe ct of Fitch on thrust 
EffeC't 0:: S G}. idity on thrust 
Effect of d llal rotation on thrust 
Power 
Effect of pitch on power 
Effect of solidity on power 
Effect of dual rotation on power 
Individual po¥er c~rves 
Side Force 
Effect of p itch on side force 
Effect of solidity on side force 
Effec t of dual rotation on side force 
Vertic a l Force 
Effect of pitch on .vertical force 
Effect of solidity on vertical force 
Effect of dual rot a tion on vertical force 
Rolling Mom ent 
Effect of p~tch on rolling moment 
Effect . of ~olidity on ~ollin g moment 
Effect of dual rotation on rolling moment 
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Figures 53-54 
Fi gure 55 
Figure 56 
Fi gures 57 - 58 
Figure 59 
Figure 60 
Pitching Moment 
Effect of pitch on pitching ~oment 
Effect of solidity on pitching moment 
Effect of dual rotation on pitching moment 
Yalrling - Noment 
Effect of pitch on yawing moment 
Effect of solidity on yawing moment 
Effect of dual rotation on yawing moment 
DISCUSSION 
The effect of the four parameters - pitch, solidity, 
dual rotation, and b lade angle - on the various propeller 
force a nd moment coe f ficients is presented in the following -
discussion: 
Effl£l~g£x.- - The effect of pitch on efficiency for 
each propeller may be observed in figures 10 to 14. The 
loss in efficiency 6n due to pitch appeared, in general, 
to be ne g li g ible for a n g les of pitch of 50 for the 25° 
blade an g le; but a decrease of 0.01 or 0.02 in efficiency 
bec a me evi d ent at t he blade an gle of 45° for propellers 
having t h ree or more blades. For an angle of pitch of 10°', 
the loss v a ried fro m 0.01 to 0.03 at ~ = 25 0 and from 
o . 02 toO. 05 at 13 = 4 5 0 • At t be high est an g 1 e _- of pit c h 
tested, 8 = 15 0 , t he l oss in efficiency was considerable, 
r a n g ing from 0.02 to 0.05 at ~ - = 25° and from 0.05 to 
0.12 a t 13 = 45°. Ea c h a~dition al 50 increment in p itch 
nea r ly d oubled the loss in efficiency fr om th e previous 
incre ment. it is, therefore, to be exp ected t h at beyond 
the ran g e investi ga ted, th a t is, for a n g les l a rger than 
e = 15 0 , the loss would be quite hi gh. This conclusion 
is confirmed in references I and 2. 
Fi gures 15 and 16 are co mparisons of the efficiencies 
for different solidities. These fi gures indic a te that 
the effici e ncy was decre a sed with an incre a se in solidity 
over the entire V/nD - range, except at very low values 
of - VjnD. At the ~ i gher blade an gle (45 0 ) the effect 
of pitch on effici e ncy was more pronounced for high-
solidity propell e rs t h an for low-solidity ones. 
A study of ~he efficiency curves for the dual-rotation _ 
condition (figs . 17 and 18) reveals that, although the dual-
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rotating propellers were the most efficient" they ex-
perienced about the same l0Ss in efficiency from being 
pitched 10 0 as the single-rotating propelle~s. 
~rust.- The maxirnu~ thrust in both the positive 
and negative raGge decreased with ' pitch, whereas the 
value of V/nD for zero thrust i n creased with pitch 
(fi g s. 19 to 23). 
The increment of thrust due to increasing solidity 
was generally less for 10 0 pitch than for 0 0 (figs. 24 
and 25). 
Figures 26 and 27 show that dual rotation resulted 
in an increase in thru 3 t over the single-rotation con-
dition. but the gain va s less for 10 0 than for 0 0 pitch. 
Power . - The effects of pitch, solidity, and dual 
rotation on the power coefficients are generally the same 
as on t h e thrust coefficients (fi g s. 28 to 40); further 
discussion is, t h erefore, unnecessary. 
~id e force.- Fi gures 41 and 42 indicate that the 
side-f orc e coeffi cient. which was usually s mal l, generally 
in cr eased s ligh tl y in a ne gati ve direction with i n creases 
in p i t~h , par ticul a rly f o r low va lues of V/ nD . There 
were no c onsis te nt trend s of the side-force coefficient 
for t h9 negative thrust range of V/nD. There was no 
consis ten t v a riati on of side force with solidity, as may 
ben 0 t E' d in n gu r e 43. 0 fi n t ere s tis the fa c t t hat 
the side force ne a rly vanished with dua l rotation. (See 
fi g . 44.) 
X~rtical force.- The vertical force is co mposed of 
several ele men ts ; The vertical co mp onent of the t hrust; 
a vertical reaction of the propeller d~e to an unbal~nce 
in torque of the blades pas sing thr ough the 3 olclock 
and 9 o'clock positions; and the slipstream reactions on 
the body . . The effects of the slipstream hav~ been elim-
inated by the met h od used in plotting the results. 
In fi gu ~ es 45 and 46 it ma y b e seen that the vertical 
force wa s ne a rly p roporti onal to t h e pitch angle. At 
V/nD = 0 the vertical f o rce was due almost entirely to 
the vertical c omponent of t he thrust; the part due to the 
ot h er f a ctors mention e d was negligible. As the value of 
V/nD increased this vertical component of the thrust 
would be expected to decrease nearly proportionately to 
the decrease in t h rust; and the vertical c~mponent due 
to the unbal3nce in bl a de tor que would be expected to in-
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crease, because of the increasing unbalance in the angl e ' 
of attac~ of the blades passing through the 3 olclock and 
9 o'clock , positions . 
Figure 47 is a comparison of solidities for the 
vertical-force coeffici e nt. In the pitched condition 
the vertical-force c oefficient increased with solidity 
throughout the V/nn - nn/V range, as would be expected. 
The dual-rotation comparisOn (fig. 48) reveals that 
the dual-rotating propeller had higher vertical-force 
coefficients than the single-rotating propeller through-
out the V/nD - nn/V ~ange, particularly in the pitched 
condition. This condition can be explained by the fact 
that the dual -r otating propeller produced more thrus~ 
than the single-rotating propeller. 
Rolling mqmeni.- The rolling-moment coefficient was 
but slight ly affected by pitch, as may be seen in figures 
49 and 50 . Throughout most of the V/nn ran g e the roll-
in g -mom e nt c oeffici~nt, co mputed from the scale readings, 
was sli ghtly less t han the value , -CQ, cos 8, because of 
the re a ction of the slipstream on the supports. (See fig. 5.) 
A comp a rison of solidities for the rolling-moment coefficient 
(fi g . 5 1) exhibits nothing unusual. Pitch had little effect 
on ei~ he r the dual-rotating or single-rotating six-blade 
propellers, as is illus t rated in figure 52. Dual rotation 
res ulted in only a smal l net tor que re a ction because the 
rear propeller almost c a nceled the effect of the front 
propeller . 
Pitcg~m2~~- The measurement of pitching momen t 
was in ac curate b e cause it involv e d the use of four lift 
sc a les an d a drag scale, e a ch with a long lever arm . 
Although ther e is no consistency in th e measured' results 
regarding t he effect of angle of pitch on pitchin g moment 
(figs. 53 and 54), the values are fairl y small, indicating 
that the propeller pitcking moment is negligible except 
for cases in which the longitudi na l stability is neutral 
or very small. The effect of solidity on pi t ching moment 
was more cle a rly defined than the effect of angle of pitch 
(fig. 55). 
The dual-rot ation me asurements (fig. 56) are like-
wise inconclusive. 
yawing moment.- At low values of V/nD the yawing-
moment coefficient increased with pitch; at high values of 
V/nD no general trend could be detected. (See figs. 57 
I 
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and 58.) As mi ght be exvected a l a rger number of blades 
resulted in l a~ge r moments . (See fig . 59.) The y a wing 
moments nearly v a ni she d with dual r ota tion ( fig. 60), 
b ecaus e the re a r propeller ne a rly neutralized the effects 
of the fr on t propel l e r. 
CO~CLUSIONS 
Varyin g the a n gl e of p itch of a propeller , besides 
c ha n g ing the efficien cy, th rust, and power, introduced 
vertical and sid e forces a s well as pitching, YRwing. 
and r olli ng momen ts; of these e ff ect s , effi c~enc Y I 
vertical force, and y a wing moment h av e an i mpor t a nt 
effect on pe rf or mance an d s t ab i l ity. 
P itc hing a p rop e ller had little effect, in general, 
on the efficiency until t h e angle of p itch was g re at er 
than 50; b eyond this v a lue of the angle of p itc h . the 
l o ss became appr e ci a b l e, de pe nd i n g upon the blade angle 
and the n umb er of bla d es. The loss i n ef f ici ency due 
to pitch inc re a sed with propeller solidity and blade 
angle. Th is loss amounted to as much as 0.12 for a 
six-blade prope lle r of6 ratin g a t 45 0 blade a n gle and 15° 
angle of p itc h . The los s was a bout t h e same for dual 
rot ation as fo r single rotation. 
~ e side forces pnd the pi t chin g mom ents a s found 
i n these te s ts were s ma ll a nd except for an a irplane o f 
low stability , t hese force s and mome n ts could probably be 
negl e c t ed. 
The ve rtic al force i nc re as e d wit h t he angl e of 
pi tch t hr ou gh out the entire r a n g e of V/nD, while the 
yawing mome nt incre~sed with u it ch only i n the lower part 
of the V/nD r ange. • • 
The yaw i ng ~ome nt, ro l lin g moment, and side force 
nearly van ished wit .. d u a l rotation; but t n e vertical 
force increased. 
Hi ghe r solidity incre a s e d the vertical force and 
gen era lly increased t he yawin g moment . 
The forces and mom ents me asured generally increased 
as the bl a de angl e inc re a sed . 
Langley Mem orial A~ronautical Laboratory. 
Na ti ona l Advisory Commi t tee for Aeronautics, 
Langl ey F ield, Va . 
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(d) S/x-blade propeller. 
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FIGURE 56 . - Eftect of dual rotatIon. on plTchlfXJ moment for sIx-blade propellers. 
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(d) $ lx-,6locle p ropeller. 
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(e) S/x-o/aoe dual propeller. 
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